PDR-type ABC transporter mediates cellular uptake of the phytohormone abscisic acid Abstract Abscisic acid (ABA) is a ubiquitous phytohormone involved in many developmental processes and stress responses of plants. ABA moves within the plant, and intracellular receptors for ABA have been recently identified; however, no ABA transporter has been described to date. Here, we report the identification of the ATP-binding cassette (ABC) transporter Arabidopsis thaliana Pleiotropic drug resistance transporter PDR12 (AtPDR12)/ABCG40 as a plasma membrane ABA uptake transporter. Uptake of ABA into yeast and BY2 cells expressing AtABCG40 was increased, whereas ABA uptake into protoplasts of atabcg40 plants was decreased compared with control cells. In response to exogenous ABA, the up-regulation of ABA responsive genes was strongly delayed in atabcg40 plants, indicating that ABCG40 is necessary for timely responses to ABA. Stomata of loss-of-function atabcg40 mutants closed more slowly in response to ABA, resulting in reduced drought tolerance. Our results integrate ABA-dependent signaling and transport processes and open another avenue for the engineering of drought-tolerant plants. These authors contributed equally to the work. 
fact that analyses of the kinetics of ABA uptake suggest that such uptake does not occur solely via a diffusive process (5) (6) (7) (8) .
ABA regulates seed germination and seedling growth, and is required for plant resistance to drought and other abiotic and biotic stresses such as salinity and pathogen infection. During drought, ABA levels increase dramatically in plants (9) .
ABA is perceived by guard cells, which respond so as to minimize loss of water via transpiration. Each pair of guard cells in the epidermis delineates a stomatal pore through which both carbon dioxide uptake and transpirational water loss occur (10, 11) . Stomata generally open in response to light, low CO 2 concentrations, and high atmospheric humidity and close in response to darkness, high CO 2 concentrations, low humidity and stress-induced ABA. Although secondary messengers and effectors of the ABA signal in guard cells have been studied extensively (11) , the initial steps of ABA perception within plant cells are just beginning to be understood.
Recently, soluble intracellular receptors for ABA (12, 13) have been identified.
The intracellular localization of these ABA sensors highlights the importance of ABA uptake into the cell for cellular signaling processes to occur, and suggests the potential importance of an ABA transporter that could deliver ABA in a regulated fashion to initiate rapid and controlled responses to the various stress conditions that are perceived by ABA. We postulated that an ABA transporter would be particularly relevant during stress conditions because such conditions are known to elevate extracellular pH (8) ; this pH increase in turn causes ABAH to dissociate into its charged form which cannot passively diffuse across the lipid bilayer, in contradiction to the need to rapidly deliver the stress hormone into the cell to elicit a timely response.
The ABC protein family is one of the largest, and members of this family are found in all phyla (14) . Most ABC proteins are integral membrane protein and act as ATP-driven transporters for a very wide range of substrates, including lipids, drugs, heavy metals and auxin (15) . In plants, several reports have shown that mutation of various ABC proteins results in impaired stomatal movement. Deletion of AtMRP5/ABCC5 results in impaired ABA and Ca 2+ signaling and reduced anion channel activity (16) . AtABCB14 is highly expressed in guard cells and functions as a malate importer that modulates the stomatal response to CO 2 (17). Here we show that an ABC transporter AtPDR12/ABCG40 is a plasma membrane ABA uptake transporter in guard cells and other types of plant cells. AtPDR12/ABCG40 is necessary for timely closure of stomata in response to drought stress as well as for normal seed germination and lateral root development. To the best of our knowledge, this is the first identification of a transporter that mediates the uptake of the phytohormone ABA into plant cells.
Results and Discussion
Screening of potential ABA transporters. ABA is a sesquiterpene derived from the tetraterpene neoxanthine. The PDR/ABCG subfamily of plant ABC transporters has been reported to transport terpenoids (15, 18) . PDR type ABC transporters have also been reported to be involved in responses to pathogens (19) and a broad range of stresses, including salinity, cold and heavy metals (15, 20, 21) . We therefore hypothesized that a member of the PDR family would function as an ABA transporter.
In order to identify the most promising candidate, we tested seed germination and stomatal movements of 13 out of 15 Arabidopsis PDR homozygous knockout mutants (atabcg29-atabcg41). In our screen, atabcg40 exhibited the most pronounced differences from the wild type in germination and stomatal movement.
We thus selected AtABCG40 as a candidate and examined whether it indeed transports ABA and whether its function as an ABA transporter is critical for plant stress responses.
AtABCG40 transports ABA.
To assess whether AtABCG40 is an ABA transporter, we expressed the AtABCG40 cDNA in a heterologous system, namely the YMM12 yeast strain, which carries loss-of-function mutations in 8 ABC transporters. Yeast expressing AtABCG40 took up ABA consistently faster than controls containing the empty vector (Fig. 1A) . Further evidence for AtABCG40 as an ABA transporter was obtained by expressing the AtABCG40 cDNA in cultured tobacco BY2 cells. ABA uptake was clearly more efficient in cells expressing AtABCG40 (G1, G2 and G4 in Fig. 1B ) than in either control cells or in the G3 cell line which expresses AtABAG40 at a very low level (Fig. 1B, C) . AtABCG40 is a high affinity ABA transporter, displaying a K M of 1 µM (Fig. 1D ). The transporter also exhibits a high substrate specificity, since uptake of 3 H-ABA was inhibited only by the physiologically active (S)-ABA and not by (R)-ABA, ABA-glucose ester, indole-3-acetic acid or benzoic acid at 3-fold excess (Fig. 1E) . Inhibitors of ABC transporters, such as glibenclamide, verapamil, and vanadate, inhibited ABA transport (Fig. 1F ).
If AtABCG40 is an ABA transporter, then not only should cells transgenically expressing the transporter exhibit enhanced rates of ABA uptake, but cells in which the endogenous AtABCG40 gene is disrupted should show decreased rates of ABA uptake. Accordingly, we assessed ABA uptake in mesophyll protoplasts isolated from two independent T-DNA insertional mutants of AtABCG40, abcg40-1 and abcg40-2 (21). Indeed, ABA was taken up more slowly into protoplasts isolated from atabcg40 leaves compared to those from wild-type ( Fig. 2A) , and in the complemented mutant lines the uptake rate was restored to wild-type level (Fig. 2B, C) . In both wild-type and atabcg40 plants, ABA uptake was higher at low pH and decreased with increasing pH (Fig. 2D) , supporting a component of ABA uptake consisting of pHdependent diffusion of ABAH. However, the rate of ABA uptake was consistently lower in atabcg40 cells as compared to wild-type, and the proportion of total ABA taken up by the knockout mutants decreased, in relation to the corresponding amount taken up by wild-type, with increasing pH (Fig. 2D ). This phenomenon suggests an increasing contribution of ABCG40 to total ABA uptake with increasing pH. It should furthermore be mentioned that, in planta, the ratio of uptake via the transporter versus uptake via diffusion would be higher than that in our experiments where the concentration of (S)-ABA available for transport by ABCG40 is only half of the total concentration indicated, due to the high stereospecificity of transport ( Fig.   1E ) versus the lack of sterospecificity of diffusion. Interestingly, the differences in the absolute amounts of ABA taken up by wild-type and the atabcg40 mutant cells, respectively, were independent of pH ( Fig. 2E ). This pH-independent component of ABA uptake cannot be explained by diffusion, but is in agreement with the notion of an active transport of ABA by ABCG40. We propose that AtABCG40 is the major ABA transporter in the leaf cell protoplasts because, at pH 7, the residual ABA transport activity in atabcg40 mutants is only about 30% of that in the wild type (Fig.   2D ). However, it cannot be excluded that close homologues of AtABCG40 may also carry out ABA transport functions.
AtABCG40 is broadly expressed and plasma-membrane localized. To address the question of whether AtABCG40 functions in a broad range of plant cell types, or whether it is specifically associated with a particular cell type, we assessed AtABCG40 expression patterns both in planta and in silico. According to our promoter-GUS analysis, the AtABCG40 promoter is broadly active, including activity in the leaves of young plantlets and in primary and lateral roots (Fig. 3A, B) , which is in line with published microarray data (www.genevestigator.ethz.ch). In leaves, the expression was by far the highest in guard cells (Fig. 3C ), consistent with microarray data which reveal that AtABCG40 is expressed 8 fold more in guard cells than mesophyll cells (www.bar.utoronto.ca).
If AtABCG40 functions as a carrier for the initial entry of ABA into plant cells, it would be expected to localize to the plasma membrane. AtABCG40 was previously
shown to localize to the plasma membrane of mesophyll protoplasts when transiently expressed under control of the 35S promoter (21). As shown in Figure 3F , G, when AtABCG40-sGFP expression is driven by the AtABCG40 native promoter in stably transformed plants, GFP fluorescence is also seen at the cell membrane, indicating that AtABCG40 operates at that locale. Evidently, AtABCG40 is required for a fast response to ABA by allowing its efficient uptake into the ABA-responsive cell. In contrast to the altered kinetics of induction of ABA responsive genes, the kinetics of induction of auxin responsive genes of the SAUR family did not differ in the mutant from the wild-type plants (Fig. S1 ). Transcript levels of AtABCG40 itself increased in response to ABA treatment (Fig. 4D) , indicating a positive feed-back loop.
atabcg40 plants are impaired in stress tolerance. Drought-stress experiments provided further evidence that AtABCG40 is integral to stress tolerance. Plants were grown for two weeks under standard conditions and water subsequently withheld.
Leaves of the two mutant lines wilted faster than those of the wild-type plants (Fig.   5A ). This result suggests that effective guard cell response to ABA is impaired in plants lacking expression of the AtABCG40 ABA transporter, but could also be due in part to alterations in ABA responsiveness of other physiological aspects, given that AtABCG40 is widely expressed and is required for rapid transcriptional responses in whole leaves, and that atabcg40 mutants also show impairment in ABA-regulation of seed germination and root development (Fig. S2) . Because of the high levels of AtABCG40 expression that we observed in guard cells, and because of the known importance of ABA in stomatal regulation, we particularly wanted to assess the impact of AtABCG40 knockout on guard cell function. We pursued two approaches to address this issue. Since transpiration lowers leaf temperature through evaporative cooling, we employed thermal imaging methods (22) the AtABCG40 cDNA driven by its own promoter confirmed that the observed mutant phenotype was due to AtABCG40 loss of function (Fig. 5F ). In contrast to ABA, no difference was observed for stomatal closure in response to Ca 2+ ( Fig. S4 ),
suggesting that the mutation affected the level of ABA or its perception, rather than downstream ABA signaling. The results obtained using epidermal strips and thermal imaging of intact plants collectively demonstrate that the guard cells of atabcg40 plants exhibit a strongly delayed response to ABA. We propose that AtABCG40 is an ABA importer required for efficient response to ABA.
General Discussion
Rapid adjustment to a stress, such as drought stress, is a prerequisite for plant survival. Despite the diffusion of ABAH through the lipid bilayer, our data indicate that a transporter is required for optimal ABA uptake during stress. Neither ABA uptake, nor the response to ABA is totally abolished when AtABCG40 is non-functional,
indicating that a contribution of diffusion to ABA uptake at an apoplastic pH of 5.5 to 6.0, typical of the non-stressed plant, does occur. However, for rapid and efficient signaling under stress conditions, AtABCG40 activity is required. As mentioned above, the pH of the xylem and apoplast increases during drought stress (8) (Fig. 4) indicates that transporter-catalyzed ABA transport is important for ABA signaling in many cell types. Supporting this, lateral root formation was delayed in atabcg40 as well (Fig. S2C ). Decreased sensitivity of atabcg40 seeds to exogenously added ABA (Fig. S2B ) suggests that this transporter is active in seeds as well, although it is expressed at a very low level in this organ (www.bar.utoronto.ca). An intriguing possibility is that the seeds may take up ABA via AtABCG40 during development and store the hormone to prevent precocious germination. Supporting this possibility, atabcg40 seeds exhibited slightly accelerated germination on normal growth medium without added ABA (Fig. S2A ).
We previously reported that the abcg40 plants are compromised in lead resistance (21). Since ABC transporters are well known to transport structurally unrelated compounds (15), we tested whether ABCG40 transports both lead and ABA using a competition assay, but lead did not compete with ABA for uptake into plant cells (Fig. S6 ). Thus we suggest that the reduced lead tolerance of the mutant is likely due to compromised ABA transport, which indirectly affects heavy metal ABCG40 has been suggested to transport diterpenoids associated with plant defense based on three findings (18): 1) it is up-regulated by pathogen infection, 2) its amino acid sequence is similar to those of other diterpenoid transporters such as NpABC1 and SpTUR2, and 3) the atabcg40 mutant plant is altered in tolerance to the toxicity of diterpenoid sclareol. ABA is a sesquiterpenoid, and there is increasing evidence that ABA plays an important role in plant pathogen responses (31-33).
Therefore, either ABCG40 transports various terpenoids, or many of the previous findings on pathogen-related phenomena are indirect effects of the ABA transport function of ABCG40. We favor the latter possibility, since ABCG40 showed a very narrow substrate specificity (Fig. 1E ). In line with this possibility, we could not observe any difference in growth of the abcg40 mutants versus the wild type in medium containing sclareol (21). Moreover, although sclareol is structurally similar to ABA, it is not likely to be a physiological substrate of ABCG40, since this compound is not produced in Arabidopsis. Finally, low µM concentrations of sclareol did not inhibit (S)-ABA uptake into ABCG40-expressing BY2 cells, indicating that at least the uptake activity of AtABCG40 is specific for ABA (Fig. S6) . In one publication the authors suggested that AtABCG40 can export sclareol (18), however, they did not perform transport studies. Whether AtABCG40 can transport in two directions must be addressed in future work.
In conclusion, we have presented evidence for ABC transporter-mediated ABA uptake and its importance for rapid responses to environmental stress. This work H-ABA uptake was monitored as described previously with minor modifications (17). Cells were cultured in synthetic galactose and raffinose without uracil medium (SG-URA, at pH 7.0) and harvested by centrifugation at mid-log phase. They were washed twice using SG-URA medium, and resuspended in the same medium at an OD 600 =6. The data are from the same experiments as shown in Figure 2D . 
